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OF GAS—TUREINR&TATORBLADEDISIGHEIl

By M. C. Huppert- CharlesMacGregor .

A comparisonwas madebetweenthe oaloulateddesignperfamume”
of a gas-turbinestatorbladeand its performancein a seotorof an
annularoasoadetunnel. Informationwas obbined with regardto the
three-dfmensiomleffeotsthat occur;the influencetheseeffectshave
uponvariousperfomanoeparametersare presented.

The gas velocitieson the bladesurfaceswere computedby the
stream-filamentmethodand comparedwith the experimentalvalugm.
The calculatedvaluessatisfactorilyagreewith the experimental
values.

The designconditionsof fiqe-v~ex flowwere not obtained.
The experimentaltangentialvelocitieswere greaterthan
valuesat the tip of the bladebut lowerthanthe design
root of the blade.

the design
valuesat the

INTRODUCTION

In the designof gas-turbinestatorblades,compromisesare
generallymade betweenaerodynamicconsid-tions and suohpraotioal
considerationsas servioelife@ oost of manufacture.In orderfor
a turbineto performefficientlyand to meet desfgnconditionsof
powerand weightflowof gas,however,the bladesmust be desi~ by
a prooedwrethataccuratelypreallotsbladeperformnoe.

The bladeprofilesare‘generalJydesignedaocordi.ngto two-
.dimensional-flowtheory. The velooitydistributionalongthe blade
surfacemust be suchthatflow separationor excessivelyhigh100al
velooltieswill be avoided. This velooitydistribution1M% be
detemined by an incompressiblepotential-flowthewy, which is
oablefor any solidityor camberof the blades(references1 to

appli-
4).
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Thesemethods,
mathematically

NACA TN NO. I.81O

however,do not considercompressibilityand are
complex. Stream-filsmenttheoriesthat consider

compressibilitymay be used to &sign bladesof high solidity.
Thesemethodsinvolvegraphicalirkegrationof the flow equations
(reference5). Satisfactoryexperimentalverificationof either
the potential-flowtheoriesor of stream-filamenttheorieshave.
p~ously been lacking.

The designperformanceof turbinestatorbladesbasedon free-
vortexflow as measuredin a sectorof an annularcascadetunnel
was determinedat theHACA Lewislabomtory. The blade-surface
velocitieswere calculatedby an approbation, whichwas developed
at the WA Lewiskbomtory, of the streem-filamentmethodof r@?-
erence5
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and are compared~th experimentalvalues.

followingsynibolsare used in this report:

curvature,(1/ft,unlessotherwisenoted)

specificheat at constantpressure,(ft-lb/(slug)(%))

specificheat at constantvolume,(ft-lb/(slug)(%))
.!

base of NapierIanlogarithmicsystem e raisedto
powerin parenthesesfollowingexp

distancefromblade suctionsurfaceto any pointon
velocity-potentialline, (ft,unlessotherwisenoted)

lengthof velocitypotentiallinefrcm suctionsurface
to pressuresurface,(ft,unlessotherwisenoted)

pressure,(lb/sqft absolute)

radius,(ft,unlessotherwisenoted)

blade-surfacelength,(ft,unlessotherwisenoted)

temperature,(%)

velocity,(ft/see)

.
criticalvelocity,

J%== ‘fi/see)

.
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Subscripts:

o

1

2

e

i

m

r

s

t

u

x

1810

weightof gas flowingacross
per unit depth,(slug/see)

velocity-potentialline

& r=y-l v
7+1 Vc=

angle”betweennomal to cascadeaxis and flow direction
of gas, (aeg)

circulation,(sqft/see)

ratioof specificheats, cp/cv

local.deflectionangle,(deg)

density,(s@#cuft)

bladepitch, (ft,unlessotherwisenoted)

veloci~ potential,(sqft/see)

streamfunction(slugs/see)

ambientstaticconditions

suction(convex)surface

pressnre(concave)surface

cascadeexit

cascadeentrance

valueat pointof averagestreamlinecurvature

componentin radialdirection

.

staticconditions

stagnationconditions

componentin tangentialdirection

componentin axialdirection

r’
t,
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Parameters:

a

b

f

F(tl)

F(t2)

J

K

% c1
T

c1
.—
AC

J
tl

exp (tz)dt

o

r2
exp (t2)dt

J[
C2

exp
1,

‘o (~24) ~
2AC

c1

F no
c -m

r-WC
2
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P*QX

‘t‘cr

~ dp=
——
P~ dr

r P* ‘r———
Vcr Pt dt

weight-flowparameter

radialpressure-gractlentpsrameter

centrifugal-forceparameter

radial-accelerationparameter

BLADEllESIGN

The turbinestatorconsidez%dwas designedfor the following
conditions:inlet-gaspressure,8200poundsper squarefoot;inlet-
gas temperature,1900°R, gas flow,40.4poundsper second;power
output,4300 horsepower,and rotor-bladespeedat the 10.35-inch
radius,1000 feetper second. The weight-flowparameter,critical
velocityratio,and gas-flow angleat threeradialstationsare
listedin the followingtable:

Station

Root
Pitch
Tip

Radius Weight-flow CriticalvelocityGas discharge

(;O) ~’~= ~r)e ~e ~

9.3 0.212 0.233 0.878 67.8
10.35 .212 .249 .800 65.6
1.1.5 .212 .260 .737 63.3

Thesevalueswere computedon the assumptionsof radialequi-
librium,constantgas energyand entropy,and free-vortexflewfrom
root to tip. Theseassumptionsresultin theoreticallyconstant
axialvelocityat all.radii (reference6). Flow-areablockagedue
to boundary-layerdevelopmentat the blade rootand tip was con-
sideredby.assuming,in accordancewith the experimentaldata of
reference6, a boundary-layer-displacementthicknessof O.3 and
O.1 inchat the innerand outershroud,respectively.

.

,
. .- —-..——.—. .--. ——— ___ _—__ .— ..._ —. ——- —..—.— —___ —.______ . ______



6

In establishinga velocity
face,flowaccelerationoveras

distributionover
much of the blade

IWAm Iio. 1.810
,,

the blade sub-
surfaceas

possibleis considereddesirable.Thus,blade shapesat three
‘&dial.stations,root,pitch,and tip (tableI) were designedwith
the stream-filamenttheorydevelopedin appendixA by the procedure
outlinedin appendixB. Valuesof localdeflectionangleat cas-
cadeentrance, vi and localdeflectionangleat cascadeexit Ue

of 5° and 2°,.respectively,were used at all radii. The values
were graphicallyobtainedfrompreviousdesignsbasedon potential-
flowtheory(reference3).

The bladecoordinatesand otherdimensionsare shownin table1.
Bladeshapesfor a typicalblade sectionwith the velocity-potential
linesused in calculathgsurfacevelocitiesare shownin figure1.
The calculatedsurfacevelocitiesare plottedagainstblade-surface
lengthin figure2.

APPARATUSAKD PROCEDURE

The investigationwas conductedwith fivebladesmountedin a
sectorof en annularcascadeto simulatethree-dimensionalflow. A
sketchof the experimentalequipmentis shownin figure3.

The experimentalconditionswere tiferent from the design
conditionsin thatthe bladeswere designedfor an inlet-gastem-
peratureof 1900°R and the experimentswere conductedat an inlet-
gas temperatureof 580°R. The Reynoldsmmiber(basedon the pitch
of theblade)for the turbinebladesat designconditimswas
600,000;whereas,for the cascadeexperiments,the Reynoldsnuuiber
was 800,000. The effectof this differencewas consideredsmall.
The bladeswere,however,investigatedat the designvalueof
criticalvelocityratio V/Vcr near the pitch sectionof the blade.

The pressuredistributionaboutthe centerbladeof the cas-
cadewas measuredwith 36 static-pressuretubesof O.030-inch
diameterlocatedas indicatedin tableII. Pressuresweremeasured
withmercurymammeters.

A surveyprobe,which is shown& the enlargedportionof
figure3, was used to determinethe angleat whichthe gas dis-
chargedfrom the cascadeof blades. The gas angle,measuredfrom
the axialdirection,was readon a protractor.The centertube of
the probewas used to indicatethe stagnationpressure;the static
pressurewas readby static-pressureholeslocated9 diameters
downstreamof the tip of the probe. The positionof the end of the

.—

.

.

—. ——_— —-- —-—–——- — ....— —..—.-—. -—*
. . ,..



NAOA TU NO. 1810 7

probewas variedb the dischargefieldby manipulationof the
traversingmechanism. The staticpressuresat the innerand-outer
shroudswere readby wall taps locatedmidwaybetweenbladesin
linewith the trailingedge.

A prel~ surveyof the tunnelwas conductedto assurea
uniformpressurefieldupstreamof the blades. The stignation-
and static-pressuredistributionacrossthe tunnelalongthe sur-
vey paths (indicatedin fig.4) is shownin figure5 for a plane
1.5 chordlengthsupstreamof the blades. Inasmuchas no boundary-
layer-controlslotswere provided,the boundary-layerdevelopment
upstreamof the bladesalongthe innerand outershroudswas inves-
tigated. The approachwas long enoughto provideuniformflow and
shortenough.to preventexcessiveboundary-layergrowth,as seen
in figure5. The variationof weight-flowparameterat the cascade
entrancewith the ratioof sta~tion pressureat the cascade
entranceto anibientstaticpressureis shownin f~gure6. The test
conditionis indicated.

The followingmeasurementswere&de to determineblade
perfoznmnce:

1. Sta@ation and static-pressuresurveys,both upstreamand
downstreamof blades

2.

3.

4.

Stagnationupstreamtempe~X (heldconstantat 580°R)

Static-pressuredistributicmaboutcenterbladeof cascade

Surveyof angleof dischargeof blade

The downstream sumeys were made in a planeO.1 chordlength
behindthe blades. The surveyswere made closeto the blades
becausethe innerand outershroudsextendedonly1 chordlength
downstreamof the blades.

RESULTSAND DISCUSSION

The stagnationand staticpressuresat simulateddesigncon-
ditionsin a surveyplaneO.1 chordlengthdownstreamof cascadeat
pointsmidwaybetweenbladesat a numberof radialstationsare
shownin figure7. The constructionof the surveyequipmentlimited
the positioningof the probeto radiiO.3 inchless than that of
the outershroud. The data of figure7 are plottedas the ratio
of stagnation-to-staticpressurein figure8. The desiguvalueof

.
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pressureratioat any radiusis the pressureratiothatwouldbe
obtainedwith raitlalequilibriumof pressuresand free-vortexflow
at designconditions.The experimemklresultsshowa pressure
ratioat the root2 percentlowerthanthe designvalueand a
pressureratioat the tip 4 percentgreaterthan the designvalue.

Dischargeangl - The gas-dischargeanglemeasuredfrom the
axialdirectionat ~“numberof radialstationsin a planeO.1 chord
downstreamof the bladesis shownin figure9(a). In general,the
air was turnedapproximately1° more than the designvalue. The
gas was considerablyoverturnedin the boundarylayernear the
innershroud. This regionof severeoverturnis followedby an
adjacentregionat a largerradiusin whichthe gaseswere turned
to the designleavingangle. Near the outershroudthe gaseswere
slightlyunderturned.

.

Althoughno datawere takenat the outershroud,the gases
were probablyoverturnedin thisregion. The overturningnear the
innershroudis probablycausedby secondaryflowfrom the high-
-pressureregionon the pressuresurfaceof the bladeto the low-
pressureregionon the suctionsurfaceas explainedin reference6.

The variationin &Lschargeanglein the circumferentialdirec-
tionat the 10.3S-inchradiusis shownin figure9(b). The gases
near the suotionsurfaceof a blm%ewere turnedabout8° more than
the gasesnear the pressuresurface& the auacent blade. Ims-
much as the includedanglebetweensuctionand pressuresurfaces
at the &iUng edgeis 10°,someMfference betweendischarge
amglenear the two surfaceswas to be expected.

Vsne-surface-velocity distribution.- The e~erimental-~d
calculated-design-velocitydistributionaboutthe root,pitch,and
tip sectionsof the bladeare shownin figure2. The experimental.
valuesof velocityon the blade surfacewere computedfrom experi-
mentalvaluesof staticpress’ure,assumingno loss in totalpres-
sure in the regionoutsidethe boundarylayeron the blade surface.
With thisassu&tion,the surfacevelocityat a pointon the blade
surfaceis relatedto the staticpressureat the samepointas
follows:

wherethe totalpressure Pt is measuredupstreamof tti bladerow.

Q

_. . . .——— ..__
-.,,
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M general,the eqerhental velocitiesare higherthan design
valueson the pressuresurface* low8ron the suctionsurface.
The differencesare more pronounced5t the root and tip sections
than at the pitchsection;however,thesesectionsare at the edge
of the boundarylayerson the innerand outershrouds. The shear
stressesin the boundarylayercausean increase in entropyand
deviationfrom the theoreticalvelocities.

Tangential-and axial-velocitydistribution.- The gas-dischsxge-
velocitycomponentswere computedfrom the pressureratiosof fig-
ure 8 and the dischargeanglesof figure9(a),assumingthatthe
radialcomponentof velocityis smallenoughto be neglected.

The expertientaland designvaluesof criticalvelocity
ratio v/Vcr are plottedagainstradiusin figure10(a). The
measuredvaluesare 3 percenthigherthan designnear the bladetip
and 3 percentlowerthan desi@ near thebladeroot:

measuredvaluesof tangentialcomponentof criticalveloc-
ity r%o Vuficr are 3 percenthig@r than designnear the blade

tip and3 percentlowernear thebladeroot,as shownti figme 10(b).
Vortexdistributionof Vficr was not obtained;but inasmuchas

the valuesare, in general,greaterthan dssignvalues,the turbine
powerwillprobablyexceedthe desigupowerby about2 percentif
the rotoris assumedto performas designed.

Constant-al velocitywas not achieved(fig.n(a) ); the
&qerimentalvalueswere about6 percentlowerthan the design
valueat the 10-inchradiusand 6 percenthighernear the blade
tip.

p*vx
The.weight-flowparameter — obtainedfrom the data is

‘t ‘cr
comparedwith the designvaluesin figureI.l(b.).Thisparameter
is quitecloseto the designvalueat the blade sectionsat which
theblade-surface-pressuredistributionswere obqd; at the “
10-inchradius,however,thisparemeter is 6 percentlowerthan
the designvalue.-Althoughno accuratecomputationof the eqmri-
mentalboundary-layerthickmssesat the bladeroot and tip canbe
madebecauseof insufficientdatadescribingconditionsnear the
tunnelshrouds,the checkbetweendesignweightflow and experi-
mentalweightflow is consideredcloseenoughto say thatthe
designallowancefor boundary-layergrowthat the shroudwas
adequate. The principalreasonthatvortexflowwas not achieved
is becauseradialequilibriumof pressurewas not attained. The
heavyboundarylayerat the inuershrad slsotendsto deflectthe
air towardthe outershroudand distortsthe flownear the inner
shroud.

----- ..---— ---- -—— —- .. ... —. —.— —— ___ —— ._., ______ _____ ..______ —
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Radial-equllibrium.consideration.- As statedin the discus-
sionof bladedesigu,the bladeswere designedon the assumption
of
as

radialequilibri~of pressure. This
fOllows:

conditionmay be stated

aPs Ps VU2—=—
ar r

This equationstatesthat the centrifugalforceon the air particles
is balancedby a pressureclifferenceacrossthe particles. However,
becauseradialflowmust takeplaceas the gasespass throughthe
passagebetweenbladesif the exitaxialvelocityis to -in
constantat all radii,the gaswill be acceleratedradiallyoutward.
Theseradialaccelerationforcescanbe consideredby writing

This ~ression may be writtenti &nmnsionlessfozmfor convenience
as

The designassumptionin effectneglectedthe radialacceleration
dvr

of veloci@ term involving~.

The magnitudeof the radial-accderationparameterinvolving
the rate of changeof radialvelocitywith timeat the experimental
conditionsis shownin figure12. The radial-pressure-gradient

ms
p-ter ~ ~ was calculatedby graphicallyclifferentiating

2
the lowercurveof figure7.

r)

Ps u
The centrtR2gal-forceparameter — —

% ‘cr
was ccmptiedfrom figures10(b)and 7 by assumingIsentropicflow.

Ps ~rThe radial-accelerationparameter G_ — — was then eval-
vcr2 pt at

()

vu 2
uatedbyaibtracting ~~= frcan% — . Although

27 Pt & Pt ‘cr

- .— —— –.-.,- –”:”- -, —.. . ,.-— — ———. z –..—.
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~ (Ivr ~ dP*
—— isnearlyas largeas ——~cr2 dt Pt dr near the blade tip,the

()Ps vu
2

effecton — —
‘t ‘cr

was small(about4 percent)and the devia-

tionfromfree-vortexflowwas small.

From a comparisonof the calculateddesignperformancee and
4 ‘ the experimentalperformanceof a gas-turbinestatorblade,the

follow@ resultswere obtained:

1. The stream-filamenttheoryis adequateto determinegas
velocitieson the surfaceof high+olidityblades. For the blades
investigated,the calculatedsurfacevelocitiessatisfactorily
agreedwith the experimentalvalues.

2. The eqerimentalvalueof tangentialcomponentof critical
velocityratiowas 3 percentgreaterthan the designvalueat the
bladetip and 3 percentless thanthe designvalueat the blade
root. Thesedeviationswere causedby lack of radialequilibrium
of pressuresat O.1 chorddownstreamof the turbinebladesand the
thickboundarylayerat the innershroud.

3. Constantaxialvelocityat all r&diiwas not achieved.
The experimentalaxialvelocitywas 6 percenthigherthan the
designaxialvelocityneer the bladetip.

4. Althoughthe radial-accelerationforceswere large,the
deviationfrm free-vortexflowwas small.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio,September13, 1948.
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APP1311DlXA

.

STF&l&F~ THEORY

The two-dimensionalflotrbetweencurvedsurfacesmay be
studiedby the stream-filamenttheoryif the channellengthis
greatcompszedto itswidth. ~S methodconsistsin COIIlbU
the cmditions of irrotationalityof flowwith the principleof
continuityof flow.

Determinationof velocityvariaticmacrosschannel.- In the
generalcaseof the motionof a compressible,frictionless,perfect I *
gasbetweencurvedsurfaces(fig.I-3),at any pointin the ch=mel
the fluidrotatesaboutan instszrbemeouscenterat radius r with
v’qlocityv. Inasmuch

The derivativeis
is chosenas thatfrom

fromthe
positive

as the fluidis consideredirrotational,

dv v—=-— =- Cv
an r

(1)

ne~tive, inasmuchas the positivedirection
the suctionsurfaceto the pressuresurface.

curvatureof the streamlineis assumedto vary linearly
suctionsurfaceto the pressuresurfaceand is considered
if the centerof curvatureis belowthe surface.

%n‘c=%

(2)

(3)

(4)

If equation(1)is rewrittenin termsof curvatureand equation(4)
is used,

dv no
AC C dC—=. —

v
(5)

~. -.. .– -,. -- .— .—--—-— .—.,
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When eqyation(5) is integrated,

SC2
logev =-—

2AC
+ Comtszlt

or

v
[ 1
- ~ (C2‘:Cmq—==J?Vm

(6)

(7)

where V and Vm representthe velocityat any two pointsalong

the potentialline●

Evaluationof velocityfrommass flow.- If the velocityat
= Po~ ~ong a potent= 1- is known, then the rest Of the
velocitiesalongthe line canbe determined,as indicatedin
equation(7). From the use of the continuityequation,the veloc-
ity at onepointmay be determined.

The differentialquantityof mass flowper unit depthof
● channel

m= ps van (8)

or in termsof densi~ and temperatureat stagnation

Now, let

then,

dW = Pt - Vdn

z
172

=—
2~Tt

(9)

(10)

—-. ..—.._ .. —._._ ______ _- .—— —.- — —-. .— .—— — .—. . . . . . . . . . . . ___
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1

where

1 1—,

(1 - z)= = (l-q -z+qJ~-l

NACA ‘E?~0. 1810

(1.1)

(12)

(X3)

T13Bsecondterm in e tion (U) may be expandedby the binomial
theorem,choosing Y ~ at the pointof averagestreamlinecurva-

ture (channelcenter)so that Z - ~ willbe small,and neglect-

ing all but the firsttwo termsof the expansion,them

1

- ~[l+~fa)-~(~l(1 - 2)7-1= (1 - %)7 1

Let

and

-- .—.—c __ .. .——,--- . ,.————-

(14)



NACA TN No. 1810 1’

.

2-&
@

~—= 7-1 ()1-%-

Then,

Then equation(11)becomes

Let

If equation(18)is integrated,

Jo Jo

but

and from equaticms(7)and (4)

(16)

(17)

(18)

(19)

(20)

—— .. .. ..- —- — —.——
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let

I?ACATN NO. 1810

.L

and

Then equation(20)becomes

P =fJ - m

or

(21)

(22)

(23)

(24)

Equations(22)and (23)may be evaluatedfor J and K for ~>C2
by letting

Then,

(25)

—.— -—— .— -—z. __ ——-— -—
,. ,“:”
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Then,

17

J= at

(26)

meterms~fmtitz pre knownfrom the channeldimensions

J

x
and a tableof exp(t2)dt canbe foundin reference7.

0

Eval.uaticm of velocityat channelcenter.- !Chefactors f
and g are functims only of ~ and 7 (eq~tions (15)and (16)).

l!hus,for givenvaluesof ~ “and 7, curvesof f plotted

against~ and g canbe made,as shownin figure14. ti order

to evaluate ~~ a line is drawnat tan‘1 $ Intersectingthe

ordinateof the plot of f agdnst g at ~ (fig,14). 5 line,

wi31, in general,imbersectthe curveat two points,one inter-
sectioncorrespondingto the subsonicsolutionand the other,the
supersonicsolution. If the line is tangentto the curve,the
channelis choked. If the linelies abovethe cme, no solution
existsinasmuchas v is largerthanphysicallypossible. The
valueof ~ is then foundby drawinga horizontal.linefrcm the
subsonicor supersonicintersectimpetit,whicheveris desired,to
the curveof f against ~; then & is read on the abscissa
as shownin figure14.

.. ——- .—, . ______ ___ .__. .--—-. —- —.—-–——— -- —— --— —.———.-.. .— -.-—.- .
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g=
The hmmpressible valueof & is determinedlysetting
o that is,

:=f=
&l

Then

w
Pt no J

~smuch as the flow is considered

Pt =

($. 0.2)

= Pm

incompressible

P~

Vm= w
ps no J

Evaluationof J and K. - A chartfor the evaluationof J
and K/J to be used in finding & wouldbe a si.ruplificatim
over evaluationfrom tables. A chartcanbe constructedwhere J
and K/J are functionsof the surfacecurvatureand channelwidth,
inasmu’tias from eqyation(26)

a (- %12)
‘1 =

r

AC ~
-—
.2

Let

Then,

[
F ‘(tl) 1-F (t2)

and

F(l# = F(~+~)

.

(28)

(29)

(30)

(31)

w’

.

—z ——. -. --____—. ._ ___
.-
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Thesefunctionsmay be _ded in a

F(%) - F(t2)=
[

2 @ F’ (~) + @3

Were n is an Cdd poaitiw integer

F’(%) =

F“’(%) =

By use of the firstfive

2J=l+U (l+

Now, let

Then,

a (%2)
(2 + 4 %2)

Tsylor~sseries.

19

(32)

(33)

exp (%2)

termsof the Taylor’sseries,

2~2)+~(3+12~2 +4%4) (34)

%%by-n

%12
and egyation(34)becobes

[
J=l+~l+~

1 () [
a2

—.
’480 b 3

.&. (2b-1)2

(35)

(36)

and by the samemethodbut using seventerms of the Taylor’sseries

--———— -—-—— —.- ——— —-———. .—. —.— .—z. __. -—
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+ 3 (;) (2b - 1)2+~+&,:~{: [,:,(2b-1)2]3

[
+~~(2b- I)z]2+ ~ (:) (2b -1)2+ s

)
(38)

Equations(37)and (38)applyfor negativeor positivevalues
of b, that is, for Cl> C2 or Cl< ~ but not for Cl = C2.

If Cl = C2, the ~f3SiOnS for J and K are

sinh a
J=~

Silih3a
K=~

Theseequationscan easilybe verifiedby integratingequa-
tion 1 with the ourvatm C oonstantand substitutingIn equa-
tions (22)and (23).

ChartsOf J and K/J - S- in fi~s 15 end 16, reS~O-
tively,as a functionof

aa%no
2

Evaluationof channel-surfacevelocities.- The rehtion
betweenthe velocityat the pointof the centerof the channeland
the velocitiesalongthe surfaoeof the ohannel(figd.17 and 18)
canbe derives,inasmoh as fromequation(21)

—. .— - - -—.—~. ..-r .-.. ——
. ,.- ..
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. .

the

of

similarly,

&=eq~a(.1--&jl

21

(39)

(40)

The velocitiesat the channelwall,that is, at the ends of
velooity-potentialline considered.,are c~putea fromthe value
q by Uee of equationsJ39)ana (40).

The simplestream-filamenttheorypre8ente&may be u,eeato
oomputethe velooitydistributionon the surfaceof any uhannelto
whiohthe assumptionsuses apply.

~ ——.—.——.—.._ —— . . . . . ——— .-—. .-—. —
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APPENDIX B

BIADE-IESIGNPROCEDURE

The velocitydistributionfor cascadesof high soliditymay
be determinedlyuse of the stream-filementtheorypresentedin
appendixA. Bladesmay be drawnby inspectionto fit the velocity
vectorsspecifiedby the vectordiagrams. Starttngthe blade
designby ftistdrawingthe camber
desirable.The endsof the camber
lineatan angleof ~+Ve frolll
edgeand tialineat an angle ~

(fig.19)● The camberlinemay be
line X, verticallydrawnthrough
is zero.

line seemsto be practically
ltne are drawntangentto a
the horizontalat the trailing
+ vi at the bladeentremce

symmetric&Uydrawnabout
the csniberhe where its slope

A symmetricalairfoilis superimposedupon the camberltie,
thusa firstapproximationof tb blade shapeis formed. The msxi-
mum thiclmessof the symmetrical.airfoilis placedat line X
(fig.20). A cticleformingthe leadingedge is drawnwith a
diameterequalto about30 percentof the maximumthiclmessof the
foil. The trailingedgeis drawnwith an includedangleof about
12°. The maximumthicknessof the foilwill,of course,dependon
thetotal turningangl,e~+ae and the desiredsurfacevelocities.

An ortho~nalnetworkof streaml.tiesand veloci~-potential
Unes are drawnin the channelformedby two airfoils. The network
may be extendedaheadof and behindthe cascadeso thatthe surface
velocitiesmay be comgutedat any pointon theblade (fig.19).
The computed@ace velocitiesin regionsfrom @4 to the rear

Stagnationpointand from @a to the frontstagnationpointere
apprcodmate,inasmuchas the channelis boundedby an assumed
streamlinein theseregions. The velocitiesat both endsof each
velocity-potentialline are ccmputedby use of the methodsof
app- A.

P%
h general,the valueof ~ at the channelentrancewill

not be equalto thatat the exitbecauseof deviationsfrom two-
dimensionalflow. For convenience,thisterm canbe consideredto
~ lti=lY with the axialdepthof theblade,as shownjn
figure21. The fol.lowingrelations,basedon the generalenergy
equationand the isentropicrelationsfor a perfectas are used

v no
to evaluate ~

. .

cc
8l-l

—. ..—— —- . ._— _
.,,
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1
1

w,=Al%[ -%(+f (&)i‘-a, (-Q, ‘

With the flownetworkof velocitypotentialsand stread.ines .
drawnand the valueof w knownfor eachvelocitypotentialline,

()
the surfacevelocitymay be computed. The valuesof ~ and

cr

()

v
1

r are plottedagainstblade-surfacelength ~ and S2j
cr 2

respectively.(Seefig. 22.) !l?hevelocitypotential@ is then
determinedlygraphicallyintegratingthe veloci~-distribution
profile.

@ =
f

Vas (43)

The velocitypotentialis plottedagainstblade-surface
length S (fig.22). Masmuch as the absolutevalueof # is
not important,the valueof #a, the velocity-potentialline ca-

necting q and s,.
equalto zeroon both

methodfor relocating
Valueofslalds,

The circulation
vectordiagramand is

at the rear stagnationpointon S2j is set

~ and s,. Thisplotprovidesa convenient

the velocity-potentiallines,inasmuchas the
for const&N-valuesof

r aroundthe airfoilis
expressedas follows:

r
[

= T (Vu)i- (Vu)e]

= T (Vu)i- T (Vu)e

= Al’i- Are

@ &e easilyfound.

specifiedby the

(44)

-———. —.-—— —---—.-–—=- —.,—— ———. —- . .. ..— —. ——— .— -,.
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that is,

Are = T(vu)e

.

The differencein velocitypotentialon ~ and that on S2

at the frontstagnationpointis egpslto AI’i and thatat the

reer stagnationpointis egyalto AI’e(fig.22).

hasmch as the flow Is consideredirrotational,the 31ne -
integralof velocttyaroundany closedpath in the flow fieldmust
eqpal zero.

r

where c, for
boundedby two
QTez

J Vas=o (45)
c

comenience,istsken as any area tithe chaxmd
stre~s - two velocity-potentiallines. For

p 4

J$8
betmen them.

-’

The valueof

where there are j

p 8

are so drawn that equslamountsof gas pass

(47). .

()nGi for*i(i =1,2,3, ...3;

stretuddnes)is graphicallyfoundby ploti~

~ (fig.23) and integratinggraphically(fig.24).pv against —

.

.

—-— --.—. ,. .-— __ .._ ———--~-,.- —..—
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Then, ~

25

.

(48)

that is, .

*1 =0, $2=$ $3=: Wfor j=5

Theserelationsare used to relocatethe potentiallinesand
the stremdines. The velocitiesare recomputedand the flownet-
work againchecked. Satisfactoryaccuracyis usuallyobtainedin
two adjustmentsof the flcnrnetwork.

The accuracy of the networkfrom @4 and the rear sta~tion
pointand from @8 and the frontstagnationpointcannotbe

checked,inasmuchas the accuracyof the assumedstreamlinebound-
tng the channelin theseregionscannotbe checkedby thesemethods.
If the networkfor uniformflow somedistsnceaheadof andbehind
the cascadeis,however,smoothlyblendedwith the networkbetween
the bladesurfaces,the surfacevelocitiesfrom @4 to ths rear

stagnationpointand from @8 to the frontstagnationpointcan

be approximatedwith reasonableaccuracy.

The firstapproximationof the bladeshapemay be alteredby
increasingthe camberor changingthe bladethicknessor otherwise
alteringthe blade shapeto satisfyequation(44)and to establish
a desirablevelocitydistribution.For exmple, it is desirableto
have the maximumvelocityon theblati surfaceno more than15 per-
centgreaterthanthe leavingvelocity,as specifiedby the vector
diagram,inasmuchas too geat a reductionin velocityin the
regionof the trailingedgeon the suctionsurfaceis likelyto
resultin flow separation.Acceleratingflow overas much of the
blade surfaceas possiblein orderto minimizeboundary-layer
growthis also desirable.

Bladesectionsare developedfor a nuniberof radiiand faired
to form a ccmpleteblade. Statorbladesmay be designedwith a
lineartaper,but the operatingstressin a rotorblade for a given
tip speedwillbe reducedif a parabolictaperis used.

-.,. — —.. ..- .—. ..._— .— ——. . ._ —— .—————_ _____ ____ .._ .._
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TA13LEI - BLADECOORDINATES

co
N
o
l-i

Pitch — — - 10.35

Root _— 9.30 “
9.00

\\U\\
Outershroud

Shadedareasare boundarylayer

x.

4

Root section Pltoh section Tip section

(k.) % % % %2 5 %
(in.) (in.) (in.) (in.) (in.) (in.)

9 0.063. -0.053 0.063 -00053 00063 -0.053
●100 .114 - .068 .114 - ●068 .114 - .068
.200 .148 - .083 .148 - .083 .148 - .083
● 300 .168 - .110 .167 - .105 .165
.400 .179

- ●loo
- .138 .173 - .130 .167 - .122

.500 .172 - .171 .164 - .161 .156 - ●151

.600 .152 - .211 .143 - .199 .134

.700 .117 - .258
- .187

.107 - .234 .096 - .229
● 800 .064 - .316 .053 - .299 .041. - .281
.900 - .012 - .388 - .016 - .365
1.000 - .116

- .029 - .342
- .471 - .115 - .442 - .114 - .412

1.100 - .245 - .569 - .!229 - ●531 - .212 - ●493
1.200 - .407 - .686 - .369 - .638 - .331 - .589
1.300 - .612 - .835 - .542 - - .769 - .471 - .703
1.400 - .869 -1.022 - .754 - .930 - .638 - .838
1.500 -1.176 -1.244 -1.008 -1.126 - .840 -1.001
1.600 -1.101 -1.178

Axial Circumferen- Leading- Trailing-
Section Pitch Chord :~:y tia~i~f~th edgeradius

(in.) (in.)
edgeradius

(in.) (in.)

Root 1.193 2.052 1.535 -1.275 0.050 0.010
Mean 1.334 2.074 1.585 1.245 .050 ● 010
Tip 1.475 2.100 1.638 1.216 .050 .010

v
.

.. ...— .—— —.—— --- -,.,——.. — -— — --.., .——,— -— — —— ——— —.-
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TABLE II - POSITION OF BLADE PRESSURE TAPS

Root section

h

(in.)

-0.050
● 200
● ~oo
.700

1 ● 000
1.300
1.435
1 ● 300
1.100
.800
.500
.300

x

(i:. ]

o
.150
.178
.119

-.114
-.614
-.970

X2

(in.)

o

-.835
-.570
-.316
-.172
-.110

x

Pitch section

h

(in.)

-o● 050
.200
.400
.700”

1.000
1 ● 300
1.435
1 ● ~oo

1.100
.800
.500
.300

x

(i:. )
o
.149
.173
.108

-.115
-.543
-.934

x

(i:. )
o

-.770
-.532
-.299
-.162
-.105

Ti]

(i:.)

-0.050
.200
.400
.700

1 ● 000
‘1.300
1 ● 435
1.300
1.100
.800
.500
.300

sectic

x

(i:.)

o
.148
.168
.097

-.114
-.472
-.890

1

X2

(in. )
o

-.706
-.497
-.281
-.152
-.100

.

●

✎

g
Nm

.

.

—.. -.
.. . .,.-. -.,..~-.-...-.-”
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u)
N
o
l-l

Velocity.
potential

1ines

streamline

Figure1.- Bladesectionshowingpotential.linesused
for calculatingthe surfacevelocities. .
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.

11.7 Outer shroud

$
a
Pl

+

11

-4 —
10

+
Circumferent.ial distanoe 7

9

/
Inner shroud

Figure 4.- Survey planes 1.5 chord 1engths
upstresm of the turbine blades. ‘ (All
dimensions are given in inches. )
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Figure 5. - Varlatlonof atagnatlunand statlo pressuresIn the casoade tunnel at 1.5
ohord lengths upstream of the turbine blades.

w
ul



NACA TN No. 1810
.

.

—.

.28

~ ~
n

~

.24 F

f

Cascadetunneldata
~ Testcondition

.20

.16
/
/

.12

.08

()

,04

T
01
1.0 1.2 1.4 1.6 1.8 2.0 2.2

C.

{/

*t iRatioof stagnation-to-ambient-static~ressure,~
S,o

Figure6. - Variation of welghb-flowparameter at casaadeentranoe
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Figure ?.,- Measured stagnationand staticpressureat 0.1
chord downstreamof cascade.
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Figure 8. - Comparisonof ratfos of experimentaland design
stagnation-to-statiopressureat 0.1 chord downstreamof >.
blades.
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‘Figure 9.- Concluded. Variationof
dischargeangleat 0.1 chorddown-
streamof cascade.
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Figure 10.- Radial variation of oritlcal ratio Land
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Fime 11.- Radialvariationof axial componentof velocity
Vx
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Figure12.- Radial equilibrium parameters.
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Figure 15.-Chartfor findingJ fromchannelwidthand blade
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attached.)
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Figure 18. - Variation with channel width und blade curvaturQ of ratio

of velocities along blade pressure surfaces to velocity at channel

center.
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Figure 20.- DistrilmtionofSymlemcal.9irfO11on~-a camberus.
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FigureZ1.-Flownetwork h charnel between blades and as-d distribution of weight-
flou parameter.
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Figure22.- Surfacevelocitiesand velocitymtential. Dashed
lines are based on an assumedboundary streamline.
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Figure 23.- Schematic diagram of varia-
tion of flow intensity with distance
along velocity-potential line.
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Figure 24.- Variation in stream function
with distance along a velocity-potential
line.
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